In stable organ systems, such as the heart and kidneys, an oxidant stress induces an increase in endogenous antioxidant systems resulting in an increased resistance of the tissue to a subsequent oxidant challenge. The development of this oxidant tolerance requires 1.5-6 d. The aim of the present study was to determine whether oxidant tolerance can be induced in the small intestinal mucosa, a labile system whose epithelium turns over every 2-3 d. Ischemia/reperfusioninduced epithelial barrier dysfunction of the small intestinal mucosa was monitored in Sprague-Dawley rats whose intestines had been exposed to an ischemic insult 1, 24, or 72 h previously. At 24 h, but not 1 or 72 h after the initial ischemic insult, the mucosa was more resistant to ischemia/ reperfusion-induced barrier dysfunction. The antioxidant status of the mucosa was enhanced at 24 h, but not at 1 or 72 h after the initial ischemic insult. This adaptation appears to be specific for oxidants, since an initial ischemic insult imposed 24 h earlier also protected against H202-induced, but not acid-or ethanol-induced, barrier dysfunction. Further studies indicated that the increase in antioxidant status of the mucosa observed 24 h after the initial ischemic insult was a result of adaptational changes in the lamina propria, rather than the epithelium. In vitro studies with isolated epithelial cells also indicated that epithelial cells do not develop oxidant tolerance. We conclude that the development of oxidant tolerance in the small intestinal mucosa does not involve an active participation of the epithelial lining. (J.
Introduction
The reactive oxygen metabolites (ROMs)', superoxide and/or hydrogen peroxide, are generated as a consequence of normal ROM, reactive oxygen metabolite; SMA, superior mesenteric artery. cellular aerobic metabolism (1, 2) . Since these ROMs can participate in reactions which result in cytotoxicity, detoxification of these ROMs is a prerequisite for successful aerobic life. Mammalian cells contain SOD, which decomposes superoxide, and glutathione peroxidase and catalase, which decompose hydrogen peroxide. These enzymes constitute the major antioxidant systems responsible for preventing intracellular accumulation of cytotoxic levels of superoxide and hydrogen peroxide during normal aerobic metabolism (1) . One pathologic event that is believed to disturb this oxidant/antioxidant balance is reperfusion of previously ischemic tissues (2, 3) . Generally, it is believed that the burst of ROMs generated upon reperfusion overwhelms the detoxifying capacity of the enzymatic antioxidants and initiates a cascade of events that eventually leads to tissue injury.
Exogenous administration of SOD and/or catalase has been shown to offer protection against ischemia/reperfusion-induced tissue injury in a variety of organ systems (2) (3) (4) . More recently, efforts have been directed toward enhancing the endogenous antioxidant status of tissues as a means of providing protection from ischemia/reperfusion (I/R) injury. The imposition of a mild oxidant stress in the heart (endotoxin) (5) or the kidney (ischemia/reperfusion) (6) results in the development of I/R tolerance (i.e., the tissue becomes more resistant to a subsequent I/R insult). The protective effect of the initial oxidant stress requires 1.5-6 d to develop, and is associated with enhanced activities of tissue antioxidant enzymes. The brain can also develop ischemic tolerance 1 d after mild ischemic episodes (7) .
The organs in which I/R tolerance has been induced represent permanent or stable systems, where little or no cell proliferation occurs after full differentiation. There is no information available on whether a similar phenomenon exists in the more labile organ systems containing tissue with a high cell turnover rate (e.g., the gastrointestinal tract). Thus, the major objective of the present study was to assess whether I/R tolerance can be induced in the small intestine and to define the role of the epithelium in this phenomenon. The results of the present study indicate that I/R tolerance can be induced in the small intestine, and that it is associated with an increase in mucosal antioxidant status. Furthermore, we provide evidence that the intestinal epithelial lining (labile tissue) does not play an active role in the development of I/R tolerance in the intestine.
Methods
In vivo and in vitro approaches were used to systematically characterize the development of I/R tolerance in the small intestine. In vivo studies were designed to determine the time course of the development of I/R tolerance, and whether this phenomenon was associated with an enhanced antioxidant status of the mucosa (i.e., increased activity of superoxide dismutase, catalase, glutathione peroxidase, and its substrate gluta-thione). Furthermore, the in vivo model was also used to test the specificity of I/R tolerance for an oxidative stress and to assess whether the improved antioxidant status of the mucosa results from adaptational changes in the epithelial lining or the lamina propria. Finally, in vitro studies were undertaken to determine whether oxidant tolerance could be induced in epithelial cells in culture.
In vivo studies
Animal preparation. The experimental preparation used in this study is similar to that previously described (8) (9) (10) . In brief, male SpragueDawley rats (-350 g), previously fasted overnight, were anesthetized with 5-sec-butyl-5-ethyl-2-thiobarbituric acid (Inactin; Research Biochemicals International, Natick, MA; 120 mg/kg, i.p.). A trachetomy was performed, and polyethylene tubing (PE-240) was inserted into the trachea to facilitate breathing. A femoral artery was cannulated for continuous monitoring of systemic arterial pressure. A femoral vein was cannulated for the periodic administration of fluid (5% Ficoll; 70,000 mol wt) to maintain blood volume. A carotid artery was cannulated for obtaining blood samples. After an abdominal incision, a suture (silk 5.0) was passed around the superior mesenteric artery (SMA) and exteriorized through the laparotomy. A proximal segment (10 cm in length) of jejunum (-2 cm distal to the ligament of Treitz) was isolated and cannulated at both ends with soft polyethylene tubing. The proximal catheter was connected to a peristaltic pump (Minipuls; Gilson Medical Electromes, Inc., Middleton, WI) and the intestine perfused with normal saline (pH, -6.0-6.5) at 1.0 ml/min. The abdomen was irrigated with normal saline and covered with plastic wrap to prevent evaporative fluid loss. The renal blood vessels were ligated to prevent loss of the low molecular weight tracer used to quantitate intestinal mucosal integrity (see below). Body temperature was maintained at 36-37TC with a heating pad and lamp.
Quantitative assessment of mucosal epithelial integrity. After sur- (8, 9) . Three animals per group were biopsied with 1,500-2,000 villi being examined per group. To prevent observer bias, all mucosal samples were coded on collection and the codes were not made available to the investigator evaluating epithelial integrity. SOD activity was analyzed by the method of Crapo (13), in which inhibition of the rate of reduction of cytochrome C by superoxide radicals is used as an indirect measurement of SOD activity. SOD activity measured in this assay represents total tissue SOD activity, and is expressed as 1 U = SOD activity required to inhibit cytochrome C reduction by 50%. Catalase activity was determined by the method of Aebi (14) , where Experimental protocols. The animals were anesthetized with Ethrane/Telazol (14 mg/kg, i.m.) and, after a midline laparotomy, the SMA was isolated. In the experimental (I/R) group, the SMA was occluded for 15 min with a bulldog vascular clamp (Fire Science Tools, Inc., Foster City, CA). After the ischemic insult, the vascular clamp was removed, the laparotomy was closed with staples, and the animals were allowed to recover (water ad lib, no food). In the control (sham) group, the animals were treated in an identical manner to those in the I/R group, except that the SMA was gently massaged, not occluded. 24 h later, animals from each group were anesthetized with inactin and instrumented for monitoring I/R-induced changes in mucosal integrity using of 5"Cr-EDTA clearance as described above. The second acute The rat intestine is a labile organ system whose epithelium is completely replaced within 2-3 d (18) . Thus, we assessed whether I/R tolerance can be demonstrated in the intestine 72 h after the initial I/R insult. The same protocol described above was used to impose the initial I/R insult, except that the animals were allowed to recover for 72 h (food and water ad lib for the first 48 h, water ad lib and no food for the last 24 h). Subsequently, the animals were instrumented for monitoring mucosal epithelial integrity using 5"Cr-EDTA clearance during the second I/R insult as described above.
Previous studies in the heart indicate that I/R tolerance can develop within minutes (19) . Thus, we assessed whether I/R tolerance can be demonstrated in the intestine 1 h after the initial I/R insult. In these experiments, rats were fasted for 24 h (water ad lib) and anesthetized with Inactin. The animals were instrumented for monitoring I/R-induced changes in mucosal integrity using 5"Cr-EDTA clearance as described above. After an initial 40-min control period, the SMA was occluded by providing a standardized tension on the suture around the SMA. After a 15-min I/R period, the suture was released, and the intestine was reperfused for 1 h. Subsequently, the SMA was occluded a second time by placing tension on the suture for 20 min. After the second I/R insult, the intestine was allowed to reperfuse. As a control (sham), some animals were not exposed to the initial I/R insult.
In another series of experiments, sham and I/R animals were prepared as described above for 5"Cr-EDTA studies. Jejunal mucosa was harvested at 1, 24, or 72 h after the initial I/R insult for assessment of mucosal antioxidant status as described above.
The above experiments indicated that a previous I/R insult largely prevented the rise in 5'Cr-EDTA clearance induced by a subsequent I/ R challenge imposed 24 h later. No protective effect was noted if the hiatus between I/R insults was 1 or 72 h. Similarly, the antioxidant status of the mucosa was enhanced at 24 h, but not at 1 or 72 h, after the initial insult. Thus, subsequent experiments were designed to further characterize the I/R tolerance that was manifest at 24 h after the initial I/R insult.
A group of I/R and sham-operated animals were prepared for histologic verification of the development of I/R tolerance 24 h after the initial I/R insult. Tissue samples were obtained 20 min after reperfusion (80-min time point in Fig. 1 ), and mucosal integrity was evaluated histologically.
In another series of experiments, we tested the specificity of this I/ R tolerance. Animals that had been exposed to intestinal ischemia 24 h earlier were instrumented for measurement of 5"Cr-EDTA clearance as described above. However, instead of imposing a second I/R insult, the lumen of the jejunum was perfused with either H202 (5 mM), HCO (5 mM), or ethanol (15%).
To assess whether the epithelial cells lining the villi played an active role in the development of I/R tolerance, the following two series of experiments were performed. Sham and I/R animals were prepared, and 24 h after the initial insult, the epithelial cells were separated from the lamina propria as described above. Both the isolated epithelial cells and the lamina propria were biochemically evaluated for changes in their antioxidant status. In another group of sham and I/R animals, epithelial cells were harvested from the villus tips 24 h after the initial I/R insult, and their susceptibility to oxidant stress was evaluated. The isolated epithelial cells were exposed to H202 (5 mM) for 10-20 min, and their viability was assessed by endogenous lactic dehydrogenase (LDH) release. LDH release was expressed as the percent of maximal LDH released from cells lysed with 0.05% Triton X-100, as described by Bergmeyer et al. (20) .
In vitro studies
Since the viability of rat enterocytes decreases within minutes after isolation from the villi (21) Experimental protocol. To assess whether oxidant tolerance could be induced in Caco-2 cells, confluent monolayers were exposed to 0.4-1.6 mM H202 for 1 h. Subsequently, the monolayers were washed with HBSS, DME containing 51Cr was added, and the cells were incubated at standard conditions for 24 h. The monolayers were washed with HBSS to remove media containing 51Cr, and incubated with H202 (1.2-7.2 mM) for 4 h. Subsequently, an aliquot (450 ,ul) of the supernatant (500 ,ul) was obtained, and the remainder was aspirated. Then, 500 ,ul of PBS was added to the wells, the monolayers were washed gently, and an aliquot (450 p1) of the wash was obtained. Finally, 500 p1L of 2N NaOH was added to the wells to lyse the cells, and 2 h later a sample of the lysate was obtained. The 51Cr activity of supernatant, wash, and lysate was determined with a gamma counter. Two indices of epithelial cell injury were calculated according to the following equa- Cell detachment represents the cells that were viable but were unable to maintain adhesion to the underlying matrix when exposed to the sheer stress of washing. Cell detachment is frequently used as an index of cell dysfunction (23) (24) (25) .
Statistics. All values are presented as means±SEM. The EDTA clearance data over time and treatment (sham and I/R groups) were analyzed with repeated measures ANOVA followed by appropriate posthoc comparisons.
Results
The effects of I/R on jejunal clearance of 51Cr-EDTA are shown in Fig. 1 . In control (sham-operated) animals, reperfusion of the jejunal segment resulted in an increase in EDTA clearance that returned to control levels within 1 h. In animals that had been exposed to a previous (24 h earlier) I/R insult, there was very little effect on jejunal EDTA clearance upon reperfusion. Morphological analyses (Fig. 2) confirmed that the mucosal epithelium was injured upon reperfusion in the sham-operated rats (46.6±1.3% of the villi had a discontinuous epithelial lining). In general, the injury was characterized by sheets of epithelium detaching from the lamina propria. Reperfusion-induced epithelial injury was dramatically reduced by a previous exposure of the intestine to an I/R insult (13.3+2.7% of the villi had a discontinuous epithelium). Taken together, these findings indicate that I/R-induced injury to the small intestine can be ameliorated by a previous I/R insult (i.e., I/R tolerance can be induced in the small intestine). When the interval between I/R insults was reduced to 1 h, I/R tolerance did not develop. As shown in Fig. 3 , it required -1 h for the membrane defect (i.e., increase in EDTA clearance) to resolve itself after the initial I/R insult. The subsequent I/R-induced increase in EDTA clearance was no different from that observed in the animals not exposed to the initial I/R insult. When the interval between I/R insults was extended to 72 h, I/R tolerance could no longer be demonstrated. As shown in Fig. 4 , the I/R-induced increases in EDTA clearance in the sham-operated animals and in animals exposed to a previous (72 h earlier) I/R insult were similar.
Biochemical analyses of the antioxidant status of the jejunal mucosa at 1, 24, and 72 h after the initial I/R insult are shown in Table I . At 24 h after the initial insult, mucosal GSHPX and catalase activities were increased, while SOD activity was unchanged when compared to sham-operated controls. Mucosal levels of GSH were also increased at 24 h after the initial I/R insult. HPLC analysis confirmed that 24 h after the insult, 97% of the total mucosal thiol content was GSH in both sham and I/R-treated animals. At 1 and 72 h after the initial insult, there were no significant changes in any of the measured antioxidants, as compared to the sham-operated controls. These findings indicate that the development of I/R tolerance in the small intestine is associated with an increase in the mucosal antioxidant status.
Based on the above findings, we tested the hypothesis that I/R tolerance was specific for oxidant-mediated injury. As shown in Fig. 5 A, perfusion of the jejunal lumen with H202 produced an increase in EDTA clearance in the sham-operated animals, but not in the animals exposed to a previous (24 h earlier) I/R insult. By contrast, perfusion of the lumen with hydrochloric acid produced similar increases in EDTA clearances in the sham-operated animals and in animals exposed to a previous I/R episode (Fig. 5 B) . Similarly, perfusion of the lumen with ethanol produced similar increases in EDTA clearances in sham-operated and I/R-treated animals (Fig. 5 C) . Taken together, these findings indicate that a previous I/R insult to the small intestine renders the intestine less susceptible to oxidant-induced injury, but does not affect the susceptibility of the intestine to acid-or ethanol-induced injury.
To assess whether the epithelial cells lining the villi actively participate in the development of oxidant tolerance, they were separated from the lamina propria 24 h after the initial I/R insult, and their antioxidant status was assessed. As shown in Table II , there were no significant changes in any of the measured antioxidants, compared with the sham-operated controls.
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By contrast, 24 h after the initial I/R insult, the activities of SOD, catalase, and GSHPX in the lamina propria were significantly increased compared with sham-operated controls. These observations suggest that epithelial cells do not participate in the development of oxidant tolerance in the small intestine.
In another series of experiments, epithelial cells were removed from the villus tips 24 h after the initial insult, and their sensitivity to H202 was assessed by LDH release. As shown in Table III , the epithelial cells obtained from previously insulted intestines were just as insensitive to H202 as those obtained from sham-operated controls.
In vitro studies were performed to determine whether oxidant tolerance could be induced in an epithelial cell line, Caco-2. As shown in Fig. 6 , exposure of the monolayers to H202 for 4 h did not produce any detectable injury to the monolayers until concentrations of 5 mM were used. The injury was nonlytic since there was no increase in chromate release; only cell detachment was observed. Pretreatment There is a growing body of evidence indicating that a brief I/ R episode can render tissue more resistant to injury from a subsequent I/R challenge (6, 7, 19, (26) (27) (28) (29) (30) (31) (32) . Collectively, the available evidence indicates that the development of I/R tolerance can be subdivided into two distinctly different phenomena, based on the time course and mechanisms involved in the protection. In the heart, the protective effect of a previous I/R episode is apparent within minutes after the initial insult and persists for s 1-2 hours, after which the susceptibility of the tissue to I/R injury returns to normal (9, (26) (27) (28) (29) (30) (31) (32) . This phenomenon, referred to as "preconditioning," is independent of protein synthesis (32) , and it is not associated with alterations in the activity of endogenous antioxidant enzymes (31). By contrast, studies in the brain and kidney indicate that the protective effect of a previous I/R insult requires days to develop (6, 7). For example, in the kidney, it requires up to 6 d after the initial I/R insult before the tissue becomes less susceptible to a second I/R challenge (6) . The development of this I/R tolerance is associated with an enhanced antioxidant status of the tissue.
The results of the present study indicate that the development of I/R tolerance in the small intestine is analogous to the latter phenomenon. In the small intestine, I/R tolerance is present at 24 h, but not at 1 h, after the initial I/R insult. We also show that the development of I/R tolerance in the intestine is associated with an improved antioxidant status of the mucosa.
Intestinal It is generally believed that reperfusion of ischemic tissue results in increased production of ROM. The ROM generated overwhelm the endogenous antioxidants (both enzymatic and nonenzymatic) and produce tissue injury ( 1, 2, 4). Our observations would indicate that these ROM may also increase tissue levels of antioxidant enzymes via substrate induction and, thereby, confer protection against a subsequent oxidant challenge (i.e., I/R insult). In support of this possibility are the observations that a previous I/R insult offered protection against H202-induced, but not HCl-or ethanol-induced, mucosal injury. Previous studies (6) have also shown that a mild I/R insult to the kidney increases the activities of endogenous antioxidant enzymes and renders the kidney less susceptible to a subsequent I/R insult or H202 challenge. Taken together, these findings indicate that a mild I/R insult can lead to development of oxidant tolerance by enhancing the antioxidant status of the tissue.
The present study represents the first attempt to demonstrate that oxidant tolerance can be induced in a labile organ system (i.e., the small intestine). In the small intestine, the entire epithelium is replaced every 2-3 d by migration of cells up the villi and subsequent loss into the lumen (18) . Interestingly, I/ R tolerance disappears along with a return to a normal mucosal antioxidant status within 3 d after the initial I/R insult. These findings suggest that an adaptive response by the epithelial cells present at the time of the initial insult is necessary for oxidant tolerance to develop. Once these cells have been replaced by a new population of cells not exposed to I/R insults, the mucosa is no longer resistant to I/R challenges. However, further experimentation to test this hypothesis indicated that epithelial cells do not play an active role in the development of oxidant tolerance in the intestinal mucosa. When the epithelial cells were separated from the lamina propria 24 h after the initial I/R insult and their antioxidant status was assessed, it was found to be unchanged. However, the antioxidant status of the lamina propria was enhanced 24 h after the initial I/R insult. Catalase and GSHPX activities, as well as GSH, were increased in both whole mucosal scrapings and isolated lamina propria. By contrast, SOD activity was increased in the lamina propria, but not whole mucosa, 24 h after the initial insult. The reasons for these differences are not readily apparent, but may reflect animal and seasonal variations in basal antioxidant status and/or responsiveness to an I/R insult. Despite the latter discrepancies, the data collectively indicate that the increase in the antioxidant status of the mucosa observed 24 h after the initial I/R insult is a result of adaptational changes in the lamina propria, rather than in the epithelium.
Further evidence negating an active role for the epithelium in the development of oxidant tolerance was provided by experiments performed with isolated epithelial cells. Intestinal epithelial cells removed from the villus tips 24 h after the initial I/R insult were just as insensitive to H202 as epithelial cells obtained from sham-operated controls. This observation indicates that, after the initial I/R insult, the epithelial cells lining the villus did not mount an adaptive response that would render them more resistant to the cytotoxic effects of H202. Furthermore, pretreatment of Caco-2 cell monolayers with H202 did not render them less sensitive to a H202 challenge 24 h later. Taken together, these findings indicate that the epithelium plays only a passive role in the development of oxidant tolerance in the intestinal mucosa.
The role of the epithelium in oxidant-induced injury to the mucosal barrier may also be passive. In vivo studies indicated that within 10-20 min of luminal perfusion with 5 mM H202, mucosal permeability to EDTA increased three-to fourfold. However, exposure of epithelial cells harvested from the villus tips to 5 mM H202 for the same period of time did not result in cell lysis as evidenced by LDH release (Table HI) . Caco-2 cells were also resistant to H202, with monolayer disruption occurring at high concentrations (6-7 mM) and prolonged exposure (4 h). Even then, the injury was primarily nonlytic, i.e., the cells were simply more readily detached by imposing a shear stress (wash) across the monolayer (Fig. 6 ). Taken to-o CONTROL endothelium. Although endothelial cells can mount an adaptive response to an I/R insult or oxidant challenge, we cannot exclude other resident cell populations in the lamina propria from contributing to the development of oxidant tolerance in the intestine. Further studies are warranted to definitively identify the cell types in the lamina propria that increase their antioxidant status in response to an I/R insult, and how this adaptive response renders the epithelium more resistant to an oxidant challenge. * 0. 4 Figure 6 . H202-induced disruption of Caco-2 cell monolayers in untreated and H202-pretreated monolayers. Caco-2 monolayers were pretreated with 400, 800, or 1,600 pm H202 24 h before assessment of H202-induced 51Cr-release (A) and epithelial cell detachment (B).
gether, these findings suggest that, in vivo, H202 may be altering epithelial membrane permeability indirectly by an action on resident cells or structural elements (e.g., basement membrane) within the lamina propria, which ultimately leads to cell detachment. However, it is also possible that H202-induced cell detachment may be caused by induction of epithelial cell apoptosis. The identity of the cell type(s) in the lamina propria that respond to an I/R insult by enhancing their antioxidant status is not clear. One likely candidate is the endothelium. Endothelial cells in culture can develop oxidant tolerance in response to an oxidant stress (33) . Exposure of pulmonary artery endothelial cells to nontoxic levels of H202 for 18-24 h increased (a) their endogenous activities of SOD, catalase, and GSHPX; and (b) their resistance to H202-induced cytotoxicity. In vivo studies in the kidney indicate that an I/R insult results in an increased tolerance to a second I/R insult or H202 challenge 6 d later (6) . The development of this oxidant tolerance is associated with increased activity of SOD, catalase, and GSHPX in renal glomeruli, a segment of the nephron consisting primarily of 
